Introduction
Satellite DNA (satDNA) constitutes a considerable part of the genomic DNA of eukaryotic organisms, being the major DNA component of heterochromatin. It is located mainly in the pericentromeric and/or telomeric regions of chromosomes (Charlesworth et al., 1994) . satDNA is generally formed by long tandem arrays in which the monomers (or repeat units) are repeated in a head-to-tail fashion. This molecular organization gives rise to a characteristic ladder of bands (multimeres of a basic satellite-repeat unit), after agarose gel electrophoresis of genomic DNA digested with the appropriate restriction endonucleases. However, this methodology does not provide sufficient information on such aspects as the total length of the satellite arrays, the consecutive order of satellite variants (or subfamilies) and the pattern interruption and features of the sequences inserted within a satellite array. Neither does it enable the detection of satDNA when it is present in very low copy number. PCR techniques using the appropriate primers solve, at least in part, some of these problems.
Recent technological advances have allowed the genome sequence to be determined successfully in a number of eukaryotic organisms including Drosophila and, on a smaller scale, other insects (Krzywinski et al., 2005; Hoskins et al., 2007; Schittenhelm et al., 2007; Smith et al., 2007) . However, in most cases, only the euchromatic part of the genome has been satisfactorily determined. Large heterochromatic segments remain poorly analyzed, since the repetitive nature of the DNA present in heterochromatic regions makes cloning, assembly and annotation very difficult.
The heterochromatin is important in the establishment and maintenance of the centromeric, telomeric and subtelomeric regions, which are essential for proper chromosome segregation. In addition, the heterochromatin harbors vital genes (Dimitri et al., 2005) . Several functional roles have been suggested for satDNA, the major DNA component of heterochromatin, although the details of the molecular mechanisms remain unclear. Noncoding RNAs have been associated with such processes as the maintenance and spreading of silent chromatin, dosage compensation and the programmed DNA elimination that distinguished the germ line from soma in some organisms. The transcripts of the tandemrepeat centromeric DNA of the fission yeast Schizosaccharomyces pombe have been found to be clearly involved in RNA interference (RNAi)-mediated heterochromatin assembly. Similarly, recent data on DNA elimination in the ciliated protozoans Tetrahymena and Paramecium appear to indicate that it occurs via an RNAi-like mechanism (reviewed by Bernstein and Allis, 2005) . However, there are many aspects that remain unknown about these processes.
In this review, we summarize the existing knowledge of satDNA in insects, or at least a great part of it. These data have been compiled in Table 1 (Supplementary  information) . Despite the existence of nearly a million insect species, satDNA been studied in only on a few species, belonging to 8 out of 32 orders. This review summarizes the characteristics of satDNA, some of which may be of functional importance. We suggest that the transcription of satDNA in insects probably occurs in a high number of species, although this remains to be demonstrated.
Characteristics and properties of insect satellite DNA Sizes of repetitive units and specificity of distribution of the satellite DNA Insect satDNA has been classified as simple or complex according to the length of the repetitive units (King and Cummings, 1997) . For example, most satDNAs from Drosophila can be divided into two such groups. One group formed by tandem repeats of a simple sequence of only 5, 7 or 10 bp in length, corresponding to 1.672, 1.686 and 1.705 g cm À3 bands in CsCl. The other group is formed by the 1.688 g cm À3 satellite, in which the major component is consisted of the 359-bp repeats from the X chromosome, although other satellite variants have also been found (Bonaccorsi and Lohe, 1991 and references therein) . The presence of minor variants of the 1.688 satellite in pericentromeric region from other chromosomes has been also detected . King and Cummings (1997) considered that the satDNA of the remaining insects falls in two size classes, one in the range of about 140-190 bp and the other in the range of about 300-400 bp. The two classes (Table 1 in Supplementary information) can be recognized, although with numerous and remarkable exceptions, such as 24-bp satDNA from Musca domestica (Blanchetot, 1991) , 44-bp satDNA from Ceratitis capitata (Stratikopoulos et al., 2002) , 1169-bp satDNA from Misolampus goudoti (Pons, 2004) and 2.5-kb satDNA from Monomorium subopacum (Lorite et al., 2004a) .
In relation to its specific distribution (Table 1 in Supplementary information), satDNA is sometimes species specific, as in the case of the 542-bp satDNA from Gryllus bimaculatus (Yoshimura et al., 2006b) , whereas other variants are shared among more or less related species, such as the 180-bp satDNA from Drosophila ambigua, which is also present in D. tristis and D. obscura (Bachmann and Sperlich, 1993) . It bears mentioning that certain satDNAs that are presently considered species specific may actually be present in other related species, in low copy number detectable only by PCR assays, as discussed below.
Generally the same type of satDNA exits in all chromosomes of an insect species. For example, Palorus subdepressus has the same satDNA in the pericentromeric heterochromatic region on all chromosomes . The same type of satDNA is also present in all chromosomes of the leaf beetle Chrysolina americana (Lorite et al., 2001) .
However, sometimes the satDNA can be chromosome specific. The most well-known case is found in D. melanogaster, in which each centromeric region has different repeated DNA sequences (Bonaccorsi and Lohe, 1991 and references therein) . It can also be sex-chromosome specific. For example, the chromosome X of the aphid genus Megoura has a large heterochromatic block with a specific satDNA (Bizzaro et al., 1996) . It has been suggested that these heterochromatic blocks may be involved in the delay of X chromosome separation during the maturation of aphid parthenogenetic oocytes, which is considered the basis of male sex determination, although data are limited on this topic (Mandrioli et al., 1999 and references therein) .
Satellite DNA and DNA curvature One of the most widespread characteristics of satDNA in insects is an intrinsically bent structure (Table 1 in Supplementary information). This characteristic is shared with the satDNA from the majority of eukaryotic organisms. Intrinsic curvature is a sequence-dependent property of the DNA molecule. The curvature pattern of satDNA has been studied by examining its mobility in non-denaturing polyacrylamide gel electrophoresis. DNA curvature and its tertiary structure can be also studied using predictive models of sequence-dependent DNA-bending programs. The richness of A-T as well as the existence of clusters of d (A-T) ofX3 residues periodically spaced along the DNA molecule with a period close to that of the helical repeat has been related to the degree of DNA curvature. The study of satDNA from three subspecies of the beetle Pimelia sparsa has shown that the properly phased A-tracts are a fundamental feature of DNA curvature (Barceló et al., 1997) . This relationship has also been experimentally supported, for satDNA from the ant M. subopacum (Lorite et al., 2004a) and for the curved satDNA of 35 taxa from the beetle genus Pimelia and references therein). However, it has also been reported that other nucleotide tracts (mainly phase one) are probably involved in the bending of DNA (Carrera and Azorin, 1994; Barceló et al., 1998) . Despite the above data, the structural and molecular properties of the DNA involved in the curvature are not yet well known (Matsugami et al., 2006) . The potential role of DNA curvature is not well established, but it may be related to chromatin organization and the tight winding of DNA in constitutive heterochromatin as well as to specific protein binding (Lobov et al., 2001) .
It has been reported that the inverted and palindromic repeats and especially dyad and cruciform structures could operate as nucleosome-positioning signals as an alternative to the intrinsically curvature of the DNA (Barceló et al., 1998) . The satDNAs from the parasitic wasps Diadromus and Eupelmus have conserved inverted repeats that may adopt secondary dyad structures that may be important in heterochromatin condensation (Rojas-Rousse et al., 1993) . Similar structures have been reported for the satDNA of Trichogramma brassicae (Landais et al., 2000) , Tribolium sp. (Mravinac et al., 2005a) and Chironomus pallidivittatus (Rosén et al., 2002 and references therein).
Complex repeat organization of the satellite DNA Some satDNAs show complex repeat organization, resulting in higher-order repeats (HORs). These complex and longer repeats maintain a high sequence similarity (between higher orders but not within them). Within an HOR the monomers can show remarkable sequence divergence. Sometimes even the HORs are composed of different subfamilies as happens, for example, in the Satellite DNA in insects T Palomeque and P Lorite well-known case of human alphoid sequences of chromosome 7 (Willard and Wayne, 1987) . Similarly, the satDNA from the cave beetle Pholeuon proserpinae has a 532-bp HOR composed of two types of 266-bp monomers. The dimers, invariably composed of a monomer of each type, appear to be the repetitive units that undergo concerted evolution and show high sequence identity as a result of the homogenization process (Pons et al., 2003) .
More complex HORs have been found in the satDNA from the phytophagous beetle Chrysolina carnifex. These satDNA show six different 211-bp monomer types clearly separated in the phylogenetic tree, although they probably have a common evolutionary origin. They are organized in three types of repeats; monomers (211 bp) and HORs in the form of dimers (477 bp) or even trimers (633 bp). The sequencing of DNA fragments of high molecular weight, fluorescence in situ hybridization and Southern hybridizations suggest that each type of repeat is intermixed in the heterochromatic regions (Palomeque et al., 2005) .
Other satDNAs also have a complex structure; for example, the 1061-bp satDNA from the beetle Tribolium brevicornis has a structure based on two long repeats with about 470 bp (inversely oriented and with a high capacity to form a thermodynamic dyad) and also includes two segments (of 56 and 65 bp) that alternate between the 470-bp repeats. This satDNA could have a complex origin, including the spread of an inversely duplicated element in a HOR with a monomer of about 470 bp (Mravinac et al., 2005a) .
Transcription of the satellite DNA Transcription of satDNA has been reported in vertebrates, invertebrates and plants. The transcription of satDNAs generally shows developmental-stage and tissue-specific differences, suggesting that the transcripts could have regulatory roles, although the molecular mechanism of action is still unknown (reviewed by Ugarkovic, 2005) .
RNAi has been related to the recognition of repetitive DNA elements as a preferential target for heterochromatin assembly. In addition to fission yeast, a connection between RNAi and centromeric heterochromatin formation has been described in plants, insects and mammals (reviewed in Bernstein and Allis, 2005) . In Drosophila, small-interfering RNAs (siRNAs) have been isolated, and these are cognate to several types of repetitive DNA, suggesting that the small RNAs are involved in the process of chromatin modification. These RNAs are most abundant in testes and early embryos. This fact is probably related to the marked and dramatic changes in the heterochromatin structure in these stages (Aravin et al., 2003) .
Some siRNAs corresponding to 1.688 satDNA have also been detected (Aravin et al., 2003) . Recent studies support the contention that the transcription of this satDNA in ovaries could be under the control of RNAi machinery to maintain the silenced state of these centromeric and pericentromeric repeats (Usakin et al., 2007) .
SatDNA transcripts have been related to the introns of dynein-encoding mega-genes on the Y chromosome from D. melanogaster, D. hydei and D. eohydei. These male-fertility genes on the heterochromatic Y chromosome are characterized by their size-in the range of several megabases-by their expression being limited to premeiotic spermatocytes and generally by their association with enormous species-specific lampbrush loops. Each loop consists of a DNA axis associated with huge species-specific repetitive transcripts and with large amounts of non-Y-encoded proteins. The loop-forming regions consist of species-specific satDNA interspersed with transposable elements (TEs). The transcripts of the simple AAGAA repeats (a component of the 1.686 g cm À3 satellite) have been found on the Y chromosome loops in D. melanogaster (Bonaccorsi and Lohe, 1991) . Recent papers support a coding function of the Y-linked fertility factors. However, it is not clear why giant, lampbrush loops are formed. Nor is the biological significance of their protein-binding function understood (Trapitz et al., 1988; Kurek et al., 2000; Piergentili et al., 2004 and references therein).
The 500-bp satDNA family from the cave cricket Dolichopoda schiavazzii is transcribed and the transcripts can function as ribozymes with self-cleavage activity, although their physiological function remains unknown (Rojas et al., 2000 and references therein) . Transcription of satDNA has also been reported from several hymenopteran species, including the sawfly Diprion pini, the parasitic wasp genera Diadromus and Eupelmus, the bumblebee Bombus terrestris (Rouleux-Bonnin et al., 2004 and references therein) and the ant Aphaenogaster subterranea (Lorite et al., 2002b) . Generally, the amounts of transcribed satDNA differ among the queen, worker and male genomes. All these transcribed satDNAs are curved or potentially curved. The rate of satDNA transcription differs in female and male species, and a female sex-specific transcript exists. The satDNAs are transcribed on both strands in both sexes, except in B. terrestris, where the satDNA is transcribed on both strands in adults but preferentially on one strand in the embryos, suggesting an instar-dependent transcriptional activity and different expression patterns during the differentiation process (Lorite et al., 2002b; RouleuxBonnin et al., 2004) . Rouleux-Bonnin et al. (2004) suggested that satDNA transcription may be initiated within the satDNA. The authors point out the existence of potential transcription regulatory elements for RNA polymerase II and III in Diadromus satDNA. They conducted an exhaustive study of satDNA curvature, showing the different curved states possible; in each state of curvature, the protein interaction could vary. The interplay between HMG-D with histone H1 appears to be important in the chromatin-assembly process during early embryogenesis in Drosophila, whereas its absence is correlated with transcriptional competences (Ner et al., 2001 ). Similar observations have been reported in other organisms (Dimitrov and Wolfe, 1996) . The DNA curvature may have two roles, one in compacting the chromatin and the other in changing the amount of satDNA during sexual differentiation and its specific transcription during development. Consequently, it is possible that although the gene csd (complementary sex determiner) is the primary signal for sexual development, as reported by Beye et al. (2003) in the hymenopteran honeybee, the satDNA may be related to sex-and caste-differentiation processes.
Satellite DNA in insects T Palomeque and P Lorite Satellite DNA and chromatin-elimination processes The DNA elimination in Tetrahymena and Paramecium appears to occur via an RNAi-like mechanism. There are another two uncharacterized DNA-elimination processes in which satDNA may be involved.
One is seen in the chironomid Acricotopus lucidus, where part of the chromosome complement is eliminated from somatic cells during germ line-soma segregation, giving rise to two types of chromosomes: the germ linelimited chromosomes (Ks) and the soma chromosomes (Ss). The Ks consist of large S-homologous sections and of heterochromatic segments with a germ line-specific repetitive DNA family. It has been suggested that these sequences may have importance in the germ line-soma segregation processes, probably by acting as enzymatic signals for the recognition of both lines (Staiber, 2002 (Staiber, , 2004 (Staiber, , 2006 .
A second case of elimination involves the paternal sex ratio (PSR) chromosome: a B chromosome present in some populations of arrhenotokous wasps. Only some male wasps carry this chromosome, which, when present, results in the elimination of the entire paternal genome upon fertilization, except for the PSR chromosome, and the eggs develop into male instead of female wasps. The PSR chromosomes carried by some species of Nasonia and Trichogramma genera are the most widely analyzed (Eickbush et al., 1992; Van Vugt et al., 2005 and references therein). The PSR from Nasonia vitripennis showed four satDNAs, three PSR specific and one shared with the A chromosomes. The three PSR-specific repetitive families also shared two palindromic DNA sequences that are highly conserved among the repeat families (Eickbush et al., 1992) . Notably, two PSR-specific repetitive families showed an open reading frame (ORF), although the transcripts have not been detected (Eickbush et al., 1992) . Unlike the case of Nasonia, in Trichogramma kaykai the PSR chromosomes lack chromosome-specific repeat families. The 45S rDNA seems to be the only large tandem-repetitive sequence in this case (Van Vugt et al., 2005 
and references therein).
Transposable elements and satellite DNA The presence of TEs inserted in repeated DNA from D. melanogaster has been well known for some time (Charlesworth et al., 1994) . Transposition is considered one of the mechanisms of nonreciprocal transfer in the process of concerted evolution (Dover, 2002) . Directly and inversely repeated sequences are very common in satDNA and they are common characteristics of many TEs. In addition, TEs or related sequences have been identified as the main component of certain satDNA families. Consequently, it has been suggested that the TEs might have contributed in some cases to the formation and spread of the satDNA. It has also been suggested that a centromeric TE or a transcript from them may participate in heterochromatin formation and in gene expression within heterochromatin (reviewed by Dimitri et al., 2005) .
A contribution by TEs to the origin and/or amplification/homogenization of satDNA has been suggested in several species insects, as a number of species of the D. virilis group (Heikkinen et al., 1995) . A family of TEs similar to miniature interspersed transposable elements (MITEs) has been found in the genome of D. subobscura and D. maderensis. These elements may have produced the species-specific satDNA from the closely related species D. guanche (Miller et al., 2000) . The darkling beetle M. goudoti has a 1.2 kb satDNA with MITE-like sequences, suggesting that the transposition could have had an important role in its homogenization, and on its chromosomal location in all heterochromatic regions, including telomeric regions and the Y chromosome (Pons, 2004 and references therein) .
Several authors Miller et al., 2000) have suggested the conversion of TEs into a functional chromosome structure, such as telomeres or centromeres. In accordance with this suggestion, telomeric non-LTR retrotransposons have been detected in the centromeric region of the Y chromosome in different species from the melanogaster species group (Berloco et al., 2005) . D. melanogaster transposon BEL has been found in the functional 420-kb Drosophila minichromosome centromere. The transposon BEL is one of the five conserved, intact and complete transposons inserted directly into the AATAT array of this functional centromere (Sun et al., 1997) . The fly C. capitata also showed interspersed TEs in satDNA (Stratikopoulos et al., 2002) , some of which was highly conserved and showed a significant similarity with transposon BEL. However, it is not known whether this conservation, even in different organisms, is due to a recent insertion or it is a consequence of a selective or functional constraint probably related to centromere activity (Sun et al., 1997; Stratikopoulos et al., 2002) .
It has been proposed that the mammalian centromeric protein B (CENP-B) is derived from a 'domesticated' pogo-like transposon (Casola et al., 2008) . In addition, CENP-B boxes, binding sites for the CENP-B protein, have a strong similarity with the terminal inverted repeats of pogo transposons. It has also been suggested that CENP-B protein and CENP-B boxes could have a possible role in recombining DNA sequences (reviewed in Kipling and Warburton, 1997) , perhaps in sequence exchanges between satDNAs (Stitou et al., 1999) . The dipteran C. pallidivittatus and several ant species from the Messor genus showed conserved CENP-B boxlike motifs within of satDNA (motifs also shown by certain other satDNA insects analyzed below) and TEs, which are probably active (Rosén et al., 2002; Palomeque et al., 2006) .
A 155-bp tandem repeat is located in all the centromeric regions of C. pallidivittatus. Another 375-bp tandem repeat is located exclusively in the centromere of chromosome 3 from this species. Several short interspersed element-like Cp1 elements with specific insertion sites and identical target-site duplications have been found within both centromeric repeats. Another element, the palindromic Cp80 (80-bp length) has also been found inserted into specific sites of the 155-bp repeats. Cp80 shows a sequence motif similar to the CENP-B box of mammals and a limited number of recombined forms were found, suggesting that Cp80 DNA may be a hot spot for recombination. Notably, the 155-bp repeat was also present exclusively in the telomere region of the left end of the short telocentric fourth chromosome, 4L. All of the other telomeres end in complex 340-350 bp telomerespecific repeats. A transcriptionally active ORF is located a few kilobases away from the 155-bp repeats. This ORF has degenerate inverted repeats, containing a modified Satellite DNA in insects T Palomeque and P Lorite form of the Cp80 element with the putative CENP-B boxes truncated. Rosén et al. (2002) proposed that the 4L ORF may constitute a parallel CENP-B gene, both with an evolutionary origin in transposons. The putative product of the ORF has regions with similarities to transposase, DNA binding and endonuclease motifs (Rosén et al., 2002 and references therein) .
Highly conserved AT-rich 79-bp tandem repeats have been characterized from several species from the genus Messor. The highest sequence conservation corresponds to a region with inverted repeats that contain a CENP-Blike motif. Palomeque et al. (2006) reported the existence of an MITE inserted into the satDNA of Messor bouvieri. A mariner-like element was further inserted either into the satDNA within a degenerate palindrome (including the CENP-B-like motif) or into the MITE element on a specific target site. The mariner-like element is sometimes inserted at different positions within the satDNA but more frequently in the aforementioned position. The mariner-like element is transcribed and its presumed transposase is probably active. The sequence features of certain clones suggested that the mariner-like element might have taken part in the expansion of satDNA between chromosomes.
Evolution of satellite DNA

Concerted evolution
It is generally accepted that repeated sequences follow an evolutionary pattern known as concerted evolution. The spreading of the new variants throughout the repeats of a family leads to variant homogenization and takes place by means of a variety of genomic-turnover mechanisms, such as nonreciprocal DNA transfer within and between chromosomes (gene conversion, unequal crossing over, slippage replication, transposition, RNA-mediated exchange). The consequence of the concerted evolution is the sequence homogenization within a repeat family and their subsequent fixation in the sexual population, a process known as molecular drive (Dover, 2002 and references therein) .
Different stages of transition may originate during the fixation processes of the randomly produced variants since the turnover would have to occur in a gradual manner. Strachan et al. (1985) reported a method to quantify these different transitional stages. Recently, this method has been applied to the study of coleopteran satDNA. Sequence data from satDNA from Iberian, Balearic and Moroccan Pimelia spp. suggested that the turnover mechanism has occurred in a gradual manner, according to a molecular-drive model . However, in most satDNA, the intermediate stages of the gradual process have not been witnessed.
The importance of meiosis and chromosome segregation in the fixation of sequence variants has been supported experimentally in satDNA from the genus Bacillus; these organisms show very different reproductive frameworks, ranging from bisexuality to auto-and apomictic unisexuality, which allows for the uncoupling of the homogenization and fixation processes (Mantovani et al., 1997) contributing to concerted evolution. Studies in this genus support the idea that sexuality can act as a driving force in the fixation of sequence variants but that the absolute values of sequence diversity are linked to the characteristics of each species, such as copy number of the repeat and probably even number and activity of the TEs; these studies also indicate that given enough time the sequence-homogenization processes can happen in unisexual taxa (Luchetti et al., 2003 and references therein) .
The importance of the different reproductive strategies in the evolutionary features of satDNA has also been indicated in eusocial insects. The absence of variant fixation in satDNA from termites of the genus Reticulitermes could be explained by their eusocial character, since it hinders random mating and reduces the number of reproducers to a few units (Luchetti et al., 2006) . Eusociality and especially haplodiploidy solidly explain the relative lack of homogenization and fixation in the satDNA from ants of the genera Formica and Messor. In a haplodiploid system, the mutation rate in haploid males could counteract the effectiveness of the genome-turnover mechanism (Lorite et al., 2004b and references therein) .
Changes in copy number
It has been also suggested that changes in the number of copies could produce species-specific satDNA as a result of a differential amplification of preexisting repeats. Fry and Salser (1977) suggested that the ancestor of a closely related species contained a 'library' of repeat sequences, some of which could be amplified during cladogenesis. The copy number of satellite repeats could change mainly by unequal crossing-over events, although other processes, such as replication slippage, rolling-circle replication, conversion-like mechanisms and other unknown mechanisms, could also be involved (reviewed by Charlesworth et al., 1994) . Mestrovic et al. (1998) demonstrated experimentally, for the first time to our knowledge, some of the postulates of this 'library model'. In coleopteran genera Palorus and Pimelia, it appears that a common ancestor bore the majority of the major satDNA from the present species. This satDNA would form part of 'the library of satellite sequences' Bruvo-Madaric et al., 2007) . The study of satDNA from several coleopteran species has suggested that the turnover process could have occurred at different rates. Thus, it could occur in a gradual manner, as in the satDNA from Iberian, Balearic and Moroccan Pimelia species, or by means of abrupt, saltatory replacement, as in satDNA from the Pimelia species endemic to the Canary Islands . The gradual turnover process would imply that in some cases there should be no apparent changes for long evolutionary time, a pattern that has been described in a PRAT satDNA family, which represents the major satDNA from the coleopteran Palorus ratzeburgii. It is also found in low copy numbers in other species and genera, separated by a significant evolutionary period of about 50-60 Myr ago; the sequences by PCR also show high mutual similarity with ancestral mutations in all species as well as the absence of any species diagnostic mutations (Mravinac et al., 2002) .
The 'library model' has also been experimentally supported in insects with different reproductive frameworks; for example, the Bag320 satDNA of the bisexual Bacillus grandii and of the parthenogenetic B. atticus is Satellite DNA in insects T Palomeque and P Lorite also present in bisexual and parthenogenetic B. rossius, although with low copy number . Similarly, the satDNA from the haplodiploid parasitic wasp T. brassicae was also detected in low copy number in several closely related species (Landais et al., 2000) .
Changes in copy number of satDNA associated with changes in the length of repeats and/or chromosome location have been described in several insect taxa. Of course, this evolutionary pattern cannot be solely attributed to the differential amplification of repeats. Other evolutionary processes could be involved. Evidence of an alternative process in operation comes from a satDNA family in the tropical silkworm Antheraea mylitta, which was detected by PCR assays in different eco races and in other silk-producing insects, although with variations in length (550-666 bp). The repetitive DNA showed an imperfect inverse repeat of 76 bp, the first repeat has a palindromic region that is absent in the second. Mahendran et al. (2006) suggested that the palindromic region may be a hot spot for crossing over and replication slippage, processes that probably cause the variable length of the repeat between eco races. satDNA shared by several subspecies of the dipteran Chironomus thummi is characterized by great differences in copy number, length of the repeats and chromosomal localization among the subspecies (Ross et al., 1997) .
Changes in sequence variability
The internal sequence variability of each satDNA in each species depends mainly on the ratio between mutation and homogenization/fixation rates (Dover, 2002) . It has been estimated that the insect intra-specific satDNA sequence variability is 1-13% (King and Cummings, 1997) . However, this value can be extremely low, as in the grasshopper Eyprepocnemis plorans and the parasitic wasp T. brassicae (about 100 and 97% sequence similarity, respectively; López-Leó n et al., 1995; Landais et al., 2000) , or very high, as in the Reticulitermes taxa of eusocial termites (68% sequence similarity; Luchetti et al., 2006) . In addition, different satDNA types can coexist in a species, and the sequence variability corresponding to each type can be similar or different. The two speciesspecific satDNA families from the grasshopper Oxya hyla showed similar sequence variability (Yoshimura et al., 2006a) . The two satDNAs from the cricket G. bimaculatus also showed similar sequence variability, although one is species specific and the other is present in different congeneric species (Yoshimura et al., 2006b) . However, the pBuM-1 and pBuM-2 evolutionarily related satDNA subfamilies from the D. buzzatii species cluster (repleta group) showed different sequence variability, indicating a slower rate of evolution of the pBuM-2 subfamily (Kuhn and Sene, 2005) . This subfamily even showed high sequence conservation among geographically isolated populations from D. gouveai, a species included in this group (De Franco et al., 2006) .
Conservation of the satellite DNA sequence length A strict conservation of satDNA-sequence length has been found within some species and between some closely related species. Anopheles gambiae and some related species show three 53-bp satDNA families that are highly conserved between species (Krzywinski et al., 2005) . Despite compartmentalization into different genomic regions (two are Y-chromosome specific and the other has a centromeric autosomal location) and remarkable sequence difference, these families display a uniformly conserved monomer length. A strict conservation of monomer length is also found in the two highly variable satDNA subfamilies from Reticulitermes taxa (Luchetti et al., 2006) . The maintenance of monomer length has been explained by the non-neutral forces of molecular drive (Dover, 2002 and references therein). It has also been suggested that the repeat length could be a critical aspect for the nucleosome positioning (or nucleosome phasing) and for the heterochromatin condensation and centromeric function (Henikoff et al., 2001 ). However, repeats of different lengths have been found in satDNA from closely related species (Table 1 in Supplementary information). In addition, it has been reported that the insertion of several base pairs may not appreciably alter the nucleosome-phasing pattern (Simpson, 1991) . Another possibility could be that the monomer-length conservation could be necessary for the modulation of higher-order structures. The human CENP-B binds to DNA as a dimer; the rigid monomer length may be needed to maintain the appropriate locations of the CENP-B boxes for protein binding (Yoda et al., 1998) . It is also possible that the length requirements could be a consequence of the interaction between satellite-array and specialized centromere proteins (Talbert et al., 2004) .
Highly conserved regions in satellite DNA Many of the repetitive units of satDNAs have highly conserved regions, whereas other regions vary considerably. Some satellite repeats show a high degree of sequence heterogeneity but the variable sites are distributed in a nonrandom manner among the satellite monomers (Hall et al., 2003) . This evolutionary pattern is not only found in the satDNA of insects but also in satDNAs from other organisms such as Arabidopsis thaliana (Hall et al., 2003) . Within insect satDNA, for example, the satDNA families from the beetle genus Tribolium have variable and conserved segments and several common characteristics, such as short inverted repeats in the vicinity of an A-T tract, nonrandom distribution of A or TX3 tracts, and a CENP-B box-like motif, although Tribolium satDNA families do not share sequence similarity, monomer length or complexity (Mravinac et al., 2005a) . A similar conservation of certain segments has also been described in other insect satDNAs (Mravinac et al., 2005b) . In addition, conserved CENP-B box-like motifs have been found in other insect genera, such as Chironomus, Messor and Formica (Rosén et al., 2002; Lorite et al., 2002a Lorite et al., , 2004b .
Probably the most studied satDNA-binding protein is the CENP-B. The CENP-B box is composed of 17 bp in human centromeric a-satellite DNA (alphoid DNA) and it contains five polymorphic sites in its consensus. In addition, the CENP-B-binding sites appear at regular intervals in human a-satellite. Ohzeki et al. (2002) report the loss of CENP-B-binding activity when alphoid DNA is modified by point mutations in CENP-B boxes. It has been suggested that the polymorphisms may be involved in the phasing of CENP-B boxes within the satellite, necessary for the formation of higher-order chromatin Satellite DNA in insects T Palomeque and P Lorite structures (Yoda et al., 1998; Choo, 2000) . The implication of CENP-B-CENP-B box interaction in the centromereassembly mechanism has been experimentally supported by Ohzeki et al. (2002) . Proteins homologous to CENP-B have been described in many eukaryotes, and a motif similar to the CENP-B box has been found in diverse satDNAs of mammals and insects (Kipling and Warburton, 1997; Lorite et al., 2004b and references therein) , and CENP-B protein has been found in D. melanogaster (reviewed in Craig et al., 1999) . It is probable that CENP-B-like proteins with similar functions exist in insects. In this case, some repeat regions may be maintained by selective pressure, as other authors have suggested (Ugarkovic, 2005) .
Other more variable satDNA regions may also be involved in the interaction with specific proteins. The histone H3 is replaced in centromeric nucleosomes by a special H3-like histone (CENH3). CENP-A and CID were the histone H3-like proteins found on active centromeres from human and Drosophila, respectively (Smith, 2002) . The CENH3 protein region, which is likely to contact the centromeric DNA, appears to be under adaptive selection. Coevolution or adaptive evolution of the centromere protein has been suggested (Henikoff and Malik, 2002; Talbert et al., 2004) . It has been suggested that the variable regions of satDNA could also be functionally important for interaction with this type of protein, since they could shape the adaptive evolution of proteins such as CENH3. Dawe and Henikoff (2006) considered that 'the sequence variation in key kinetochore proteins is the outcome of a complex interplay between histone deposition, selfish DNA, and meiotic drive that enables the organism to maintain Mendelian segregation of the chromosomal DNA of the organism'.
Evolutionary dynamics of satellite DNA Several hypotheses have been proposed to explain the dynamics of changes in satDNA. Henikoff and Malik (2002) suggested that the changes in repeated centromeric sequences could be due to a genetic conflict and interaction between these sequences and DNA-binding kinetochore proteins. We have already mentioned hypotheses involving the coevolution or adaptive evolution of centromere proteins (Henikoff and Malik, 2002; Talbert et al., 2004 ) and the 'library' hypothesis . Another theoretical model has been proposed by Nijman and Lenstra (2001) , who suggested that 'the homogeneity of interacting repeat units is both cause and consequence of the rapid turnover of satDNA'. They considered a sequence of events in which, at first, the divergence of sequence variants would expand and increase. Different satDNAs with different evolutionary origins could coexist during these phases. Then the satDNA would spread over all centromeres and eventually enter a terminal phase in which the interactions between repeat units have stopped as consequence of the gradual loss of homogeneity, being replaced by a younger satDNA.
According to the literature, many satDNAs appear to have originated from short sequences present in ancestral species. During the process of species divergence, the new satellite variants are homogenized within and between chromosomes by concerted evolution. In species such as D. virilis, D. simulans and D. melanogaster, the repeat may have originated from a short motif (7-9 bp) (Lohe et al., 1993 and references therein) . On the other hand, other insects have more complex repeats and other processes are probably involved in their origin and evolution (Charlesworth et al., 1994; Dover, 2002) . For example, it has been suggested that the satDNA from the parasitic wasp T. brassicae could have originated from an 80-bp-long unit through duplication, inversion and insertion of partially duplicated sequence elements (Landais et al., 2000) .
It is not known why some satDNA sequences are conserved for long evolutionary periods whereas others undergo dynamic sequence changes. As examples of conserved satDNAs, we highlight the 370-bp satDNA, which was found with sequence uniformity in eight species of the D. virilis group that diverged at least 20 Myr ago (Heikkinen et al., 1995) , and especially the dodeca satDNA from Drosophila, which is conserved in evolutionarily distant species such Homo sapiens and Arabidopsis. The dodeca satDNA, the 18H satellite from the centromere of Drosophila Y chromosome, and the evolutionarily conserved human centromeric 5-bp satellite family (the human dodeca-like satellite) form G-quartet structures and references therein). The Drosophila dodeca centromericbinding protein contains several domains with highaffinity RNA-and ssDNA-binding motifs. It has been suggested that this protein might guide small RNAs in facilitating heterochromatin formation or, as HP1 protein, it could be involved in the maintenance of heterochromatin structure in an RNA-dependent process (reviewed by Bernstein and Allis, 2005) .
Final remarks and conclusions
The major DNA components of heterochromatin of eukaryotic organism are satDNAs. The variability of satDNA sequences between species and their absence from human neocentromeres (Barry et al., 1999) has raised the question of whether any specific satellite sequences are necessary to a particular centromeric function. It has been suggested that epigenetic modification governs centromere function and that the incorporation of histone variants could cause epigenetic modifications (Jin et al., 2005) . Nevertheless, recent data showing the presence and the maintenance of conserved and variable domains in centromere satellite sequences strongly indicate a sequence-dependent role in certain eukaryotic organisms (Hall et al., 2003 (Hall et al., , 2005 .
The study of insect satDNAs indicates the evolutionary conservation of certain features regardless of their sequence heterogeneity. Such features include conserved monomer length, motifs, conserved regions, and/or secondary and tertiary structures. They may act as protein-binding sites, such as structural domains or sites for epigenetic modifications. It is possible that the higherorder structures and other features may be necessary to 'expose' the centromeric chromatin outside the condensed chromosome, assuring its contact with proteins and other components necessary for centromeric function (Sun et al., 2003) .
It appears that even though the processes of concerted evolution have shaped insect satDNA, selective constraints are also involved. The selective constraints may be due to the satDNA sequence interaction with specific proteins important in heterochromatin formation and in Satellite DNA in insects T Palomeque and P Lorite the possible role of satDNA in controlling gene expression. This evolutionary pattern is shared with other eukaryotic organisms (Hall et al., 2003 (Hall et al., , 2005 Ugarkovic, 2005) .
The transcription of satDNA has been described in vertebrates, invertebrates and plants. In insects, differential satDNA expression has been observed in relation to cell type, developmental stage, sex and caste of the individuals as well as in relation to other transcription differences, which would support the idea of their involvement in gene-regulation processes. In addition, the satDNA or its transcripts appear to be involved in heterochromatin formation and in chromatin-elimination processes. The transcription of satDNA has been studied in very few species. We conjecture that the transcription of satDNA in insects occurs in a high number of species, especially in those in which satDNA showed evolutionary conserved structures, although it has not yet been detected. In wild-type cells from fission yeast, certain satDNA transcripts detected through nuclear run-on assays were not found, presumably because of processing events (reviewed by Pidoux and Allshire, 2005) . It is possible that in insects something similar occurs, which would make it difficult to detect the transcript.
The importance of TEs in relation to insect satDNA is shown by the presence of TEs or related sequences as a constituent of satDNA in several species of insects. In addition, they may be involved in the formation of centromeres and telomeres and in the homogenization and expansion of satDNA. The existence of probably active TEs inserted into insect repetitive DNA has also been reported.
The literature on insect satDNAs shows that the knowledge of this type of DNA in insects is still fragmented and insufficient. That is, satDNAs have been studied in only a few of nearly a million insect species. With few exceptions, the satDNA has been studied in only a few species within of each taxonomic group. Since the life cycle and reproductive strategies are extremely varied in insects, the comparison between satDNAs from different groups could be particularly helpful in understanding the function and evolution of these repeated sequences.
